Introduction {#sec1}
============

Liver gene replacement therapy has the potential to effectively treat, and even cure, a number of diseases resulting from the lack of a single gene product in hepatocytes. Systemic delivery of gene therapy vectors packaged with the adeno-associated viral (AAV) serotype 8 capsid results in extensive liver transduction and has been previously evaluated by our group for non-clinical efficacy in the treatment of homozygous familial hypercholesterolemia,[@bib1], [@bib2], [@bib3] ornithine transcarbamylase deficiency,[@bib4] and hemophilia.[@bib5], [@bib6], [@bib7] We sought to evaluate the effectiveness of a similar approach for the treatment of Crigler-Najjar syndrome.[@bib8]

Deficiency of the intracellular enzyme uridine diphosphate glucuronosyl transferase 1A1 (*UGT1A1*) results in hyperbilirubinemia and jaundice, characteristic of Crigler-Najjar syndrome type 1. The current medical management plan for this ultra-rare autosomal recessive disorder consists of phototherapy for \>10 hr per day starting at birth to convert bilirubin by photoisomerization into water-soluble isomers. Decreasing circulating unconjugated bilirubin levels reduces the risk of severe, irreversible neurological damage (e.g., encephalopathy and kernicterus). To date, the only curative therapy is a liver transplant prior to the onset of neurological damage. The continuous synthesis of UGT1A1 by the liver following systemic delivery of a gene therapy vector expressing UGT1A1 has the potential to be a simpler and safer treatment than liver transplantation.

The purpose of this study was to evaluate the potential toxicity and tolerability of our clinical candidate vector for expression of a codon-optimized version of human UGT1A1 (hUGT1A1co) following intravenous (i.v.) administration in rhesus macaques. As there is no large-animal model of Crigler-Najjar syndrome, we used wild-type rhesus macaques that have endogenous expression of rhesus UGT1A1 in the liver. With this limitation, we conducted a non-clinical pharmacology and toxicology study where rhesus macaques received an infusion of one of two doses of AAV vector expressing hUGT1A1co from the thyroxine-binding globulin (TBG) promoter (AAV8.TBG.hUGT1A1co) into a peripheral vein; an additional cohort of animals received an infusion of vehicle only. By evaluating our clinical candidate vector in a large-animal model, we were able to extensively study vector biodistribution, transgene expression and immune responses following vector administration. Recent reports have shown the relevance of CD8^+^ T cell responses in non-lymphoid tissues, specifically by a newly described tissue-resident memory subset.[@bib9], [@bib10], [@bib11], [@bib12] Tissue-resident memory CD8^+^ T cells are functionally, phenotypically, and transcriptomically distinct from peripheral memory CD8^+^ T cells.[@bib13], [@bib14] Thus, we analyzed immune responses in blood and secondary lymphoid tissues, and identified a transgene-specific cellular response restricted to tissue-resident T cells.

Results {#sec2}
=======

Study Design and Overall Clinical Findings {#sec2.1}
------------------------------------------

To evaluate the potential toxicity and tolerability of the AAV8.TBG.hUGT1A1co vector, we examined two doses: 1.0 × 10^13^ and 2.5 × 10^13^ genome copies (GC)/kg. For each dose, two male and one female rhesus macaques received vector via i.v. administration. In addition, one male and one female rhesus macaque received an i.v. dose with vehicle control. Throughout the study, we observed the rhesus macaques daily and visually examined them each time they were anesthetized. Prior to the initiation of the study, we screened all rhesus macaques for neutralizing antibodies (NAbs) to the AAV8 capsid, as previously described.[@bib15] All eight animals selected for the study were AAV8 seronegative (NAb titer \<1:5). In addition, we monitored the AAV8 NAb response throughout the study. During the in-life phase of the study, we monitored the macaques for immune responses to the AAV8 capsid and the hUGT1A1 transgene by interferon gamma enzyme-linked immunospot (IFN-γ ELISPOT) of blood samples collected on days 0, 14, 28, 42, and 56. In addition, the contract facility Antech GLP analyzed changes in blood chemistries, cell profiles, and coagulation parameters of the animals every other week throughout the study. We performed a laparotomy procedure on day 28 to isolate liver tissue for vector biodistribution and expression analysis. All rhesus macaques survived until their scheduled necropsy at day 56, with no clinical abnormalities during the course of the study. At the time of necropsy, we isolated lymphocytes from liver, spleen, and bone marrow to evaluate tissue-specific immune responses. In addition, we collected tissue samples for histopathology ([Table S1](#mmc1){ref-type="supplementary-material"}).

Time Course of Liver Transaminases, AAV8 NAbs, and T Cell Immune Responses in Rhesus Macaques {#sec2.2}
---------------------------------------------------------------------------------------------

Rhesus macaques administered with vehicle control had no elevations in the liver transaminases aspartate aminotransferase (AST) and alanine aminotransferase (ALT) even after the liver biopsy procedure performed on day 28 ([Figure 1](#fig1){ref-type="fig"}, red arrow). Animals administered with the low dose (1.0 × 10^13^ GC/kg) of AAV8 vector had elevations in ALT and AST levels, but these were not statistically significant when compared to the vehicle control group. Animals administered with the high dose (2.5 × 10^13^ GC/kg) of AAV8 vector had a statistically significant difference in AST values when compared to the control group (p value = 0.010, linear mixed-effect modeling).Figure 1Time Course of Liver Transaminases and T Cell Immune Responses in Rhesus Macaques Administered with Low or High Dose of AAV8.TBG.hUGT1A1co Compared to VehicleRhesus macaques received an i.v. injection with 1.0 × 10^13^ GC/kg or 2.5 × 10^13^ GC/kg of AAV8.TBG.hUGT1A1co or vehicle as a control. Liver transaminases (AST and ALT) were measured in serum samples taken throughout the study (lines). Peripheral T cell responses to the AAV8 capsid and the hUGT1A1 transgene were measured by IFN-γ ELISPOT (bars) throughout the study using peptide libraries specific for the AAV8 capsid (pools A, B, and C) and the hUGT1A1 transgene (pools A, B, and C). IFN-γ ELISPOT assays were also performed on lymphocytes isolated from bone marrow (B.M.), spleen, and liver at the time of necropsy (day 56 post-vector-administration). Asterisks indicate a T cell response that met the positive response criteria, \>55 spot-forming units per 10^6^ cells when stimulated with antigen and three times greater than the medium negative control value (No Stim.). The black arrows indicate the time of vector administration on study day 0, and the red arrows indicate the time of liver biopsy on day 28 post-vector-administration. NR, no lymphocytes available for analysis.

Unsurprisingly, we detected no IFN-γ ELISPOT-positive responses to either the AAV8 capsid or the hUGT1A1 transgene in the two animals that were administered with the vehicle control. Macaques administered with both low and high doses of AAV8.TBG.hUGT1A1co vector developed a T cell response to the AAV capsid and/or transgene ([Figure 1](#fig1){ref-type="fig"}, bar graphs). The transgene immune responses could be stratified into one of three dose-independent categories: (1) positive response in the blood only (RA1846 and RA1261), (2) positive response in tissues only (RA1357 and RA1260), or (3) positive response in both the blood and tissues (RA0721 and RQ9201). Macaques RA1846 and RA1261, administered with the low and high vector doses, respectively, showed positive responses only against the hUGT1A1 transgene and only in blood peripheral blood mononuclear cells (PBMCs). Unfortunately, liver lymphocytes were not available for RA1261 for analysis of the transgene-specific response, and only responses to the AAV8 capsid could be determined ([Figure 1](#fig1){ref-type="fig"}). Interestingly, RA1846 had a T cell response to the hUGT1A1 transgene even before vector administration (day 0; [Figure 1](#fig1){ref-type="fig"}). This pre-existing immune response may be explained by the presence of a shared epitope between the hUGT1A1 protein and a foreign epitope.

We detected IFN-γ ELISPOT-positive responses to hUGT1A1 in the liver of animals RA0721 and RA1357 (low vector dose) and RQ9201 and RA1260 (high vector dose) ([Figure 1](#fig1){ref-type="fig"}). Animal RQ9201 showed a similar response in spleen and bone marrow. The difference between these four macaques was the ability to detect transgene-specific positive responses in PBMCs, which we monitored throughout the in-life phase of the study. RA0721 and RQ9201 had positive responses in both the blood and tissues to the hUGT1A1 transgene, indicating that blood may not be predictive of a potential immune response in tissues. However, macaques RA1357 and RA1260 did not show any indication of an immune response to the transgene in blood; in these animals, we only detected a response in liver lymphocytes isolated at necropsy. This effect is not a function of vector dose, as one macaque from each dose group falls into each of the categories described above.

We detected T cell responses to the AAV8 capsid in blood (day 42) and liver of animal RA0721, in the liver of animal RQ9201, and in blood (day 56) of animal RA1260 ([Figure 1](#fig1){ref-type="fig"}). T cell responses to the AAV8 capsid were up to 10-fold lower in magnitude than the T cell responses to the hUGT1A1 transgene, and they did not persist over time. We did not find a correlation between ALT and AST elevations and positive IFN-γ ELISPOT responses to the AAV8 capsid or to the hUGT1A1 transgene in blood or tissue-resident T cells.

All animals had NAb titers of \<1:5 prior to initiation of the study. Animal RA1274 was seronegative at day −14 and day 0 prior to administration of the vehicle control ([Figure S1](#mmc1){ref-type="supplementary-material"}). However, this animal had an AAV8 NAb titer of 1:40 on day −7, and both vehicle-control-injected animals remained seronegative or had titers of 1:5 throughout the study ([Figure S1](#mmc1){ref-type="supplementary-material"}). Natural fluctuations in AAV8 NAb titers in non-injected animals have been previously described.[@bib16] Following vector administration, all animals developed an AAV8 NAb response, where titers increased from \<1:5 to 1:40--1:1,280 ([Figure S1](#mmc1){ref-type="supplementary-material"}). There was no dose-dependent effect of vector on NAb titer, as there was a similar and overlapping spread of NAb titers at both doses.

Liver Histopathological Findings {#sec2.3}
--------------------------------

At the time of necropsy, we noted gross observations on the surface of the liver of two macaques (RQ9201 and RA1261---both administered with the high dose of vector). In both instances, the corresponding histologic findings were consistent with a reaction to the liver biopsy procedure on day 28 and the gelfoam used for hemostasis. All vector-administered macaques had minimal to mild mononuclear cell infiltration within the portal areas (representative images shown in [Figure S2](#mmc1){ref-type="supplementary-material"}); one macaque administered with the low vector dose (RA0721) showed minimal Ito cell hyperplasia.

Detection of hUGT1A1co Expression in Rhesus Macaque Liver by *In Situ* Hybridization {#sec2.4}
------------------------------------------------------------------------------------

Due to the use of wild-type rhesus macaques in this study and similarities between the rhesus and human UGT1A1 sequences, we were not able to evaluate the protein levels of the transgene. However, we did perform ViewRNA *in situ* hybridization (ISH) in order to detect hUGT1A1co RNA expression, since the codon-optimized transgene sequence was specific for the vector. We analyzed the liver sections using a fluorescent probe designed to avoid cross-hybridization with endogenous rhesus macaque RNA. Following biopsy on day 28, we evaluated sections of the liver using fluorescence microscopy with fast red staining, which indicated hepatocytes expressing hUGT1A1co ([Figure 2](#fig2){ref-type="fig"}A, red staining), and counterstained sections with DAPI (blue). We captured images from five liver sections and signal quantified each image using ImageJ software. There was a dose response in the hUGT1A1co-specific ISH staining, with little to no detectable background levels from the endogenous RNA ([Figure 2](#fig2){ref-type="fig"}B). The level of expression of hUGT1A1co RNA did not correlate with the presence of transgene-specific immune responses in the liver. We were not able to compare ISH performed on samples taken at the time of biopsy to those taken at necropsy due to an incompatible fixation treatment at necropsy.Figure 2Evaluation of Liver hUGT1A1 RNA Levels and Vector GC(A) ISH was performed on liver biopsy samples (day 28 post-vector-administration) to evaluate the expression of hUGT1A1 (red staining). The probe is specific for the hUGT1A1co sequence and avoids cross-hybridization with endogenous rhesus macaque RNA. Counterstaining was with DAPI (blue). Scale bar, 50 μm. (B) The percentage of the positive area by ISH was quantified from five images; values are presented as mean ± SEM. (C) DNA and (D) RNA were extracted from liver samples taken at liver biopsy and at necropsy on day 56 post-vector-administration. DNA and RNA levels were calculated for left, middle, and right lobes of the liver. The average value for each NHP is presented with the mean ± SE of the group. B, biopsy; N, necropsy.

Reduction in Liver Vector GCs and Transgene RNA from Biopsy to Necropsy {#sec2.5}
-----------------------------------------------------------------------

We evaluated liver tissues harvested by biopsy on day 28 and at necropsy on day 56 for vector biodistribution. DNA and RNA were extracted and quantified using qPCR that detected the vector poly(A) and a transgene-specific sequence, respectively. Unsurprisingly, we could not detect any vector GC ([Figure 2](#fig2){ref-type="fig"}C) or transgene RNA ([Figure 2](#fig2){ref-type="fig"}D) in macaques administered with the vehicle control. Animals that received the high vector dose showed, on average, higher levels of vector GC and transgene RNA in the liver, and all of these values decreased over the 28 days between tissue collection at biopsy and necropsy ([Figures 2](#fig2){ref-type="fig"}C and 2D). In the high-dose group, vector GC dropped 2.9-fold from an average of 134.3 GC per diploid genome at biopsy to 45.8 GC per diploid genome at necropsy ([Figure 2](#fig2){ref-type="fig"}C). By contrast, the low-dose group showed a decrease of only 2.3-fold, with vector GC decreasing from 47.1 to 20.3 GC per diploid genome ([Figure 2](#fig2){ref-type="fig"}C). Average transgene RNA levels decreased 6.7-fold and 9.2-fold for the high- and low-dose vector groups, respectively, from the biopsy time point to necropsy ([Figure 2](#fig2){ref-type="fig"}D). By the necropsy time point, there was not significant difference in vector GC or transgene RNA between the two vector doses (Student's t test, p = 0.186 and p = 0.408, respectively).

Epitope Mapping of the Transgene-Specific Immune Response {#sec2.6}
---------------------------------------------------------

We further characterized the immune response to hUGT1A1 in order to identify the specific amino acid sequence (epitope) responsible for the T cell activation. The data allowed us to determine if the detected T cell response was directed against a region of UGT1A1 that was specific to the human transgene or that was shared across humans and macaques. The majority of the hUGT1A1-specific T cell responses in both the periphery and the liver were against pool A of the hUGT1A1 peptide library. Pool A contains peptides from amino acids 1--175 of the hUGT1A1 protein sequence ([Figure 3](#fig3){ref-type="fig"}A). Approximately 95% of the amino acid sequence for UGT1A1 in humans and rhesus are conserved, and most of the species-specific differences in sequences occur within the first 175 amino acids (10 out of 25 amino acid differences). We performed epitope mapping to hUGT1A1 using samples deemed positive by IFN-γ ELISPOT. We developed a matrix of the peptides used in UGT1A1 pool A, in which each peptide was included in two sub-peptide pools ([Figure S3](#mmc1){ref-type="supplementary-material"}). Sub-pools e, f, and g showed positive responses ([Figure S3](#mmc1){ref-type="supplementary-material"}). Peptides 5 and 6 are the only peptides present in all three sub-pools. Therefore, we determined that the immunodominant epitope was the common sequence between peptides 5 and 6, HAGKILLIPV (shown in red in [Figures 3](#fig3){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}). Interestingly, the HAGKILLIPV peptide contains one amino acid difference between the human and rhesus macaque sequences ([Figure 3](#fig3){ref-type="fig"}B), proving that the T cell response is directed against a region of UGT1A1 that is specific to the human transgene.Figure 3hUGT1A1 Epitope Location within Peptide Pool A(A) The full amino acid sequence of the hUGT1A1 transgene is shown, indicating the peptides included in pool A (black), B (blue), and C (green), and the location of the immunodominant epitope (red). (B) Human and rhesus macaque UGT1A1 sequence alignment. The box indicates the immunodominant epitope in the human transgene sequence.

Tissue-Resident Memory Responses to the hUGT1A1 Transgene {#sec2.7}
---------------------------------------------------------

Once we determined the epitope, we next sought to identify and characterize the T cell subset responsible for the T cell response to hUGT1A1. As the IFN-γ ELISPOT results indicated that the peripheral responses were not correlated to the tissue lymphocyte responses ([Figure 1](#fig1){ref-type="fig"}), we evaluated differences between the peripheral (blood taken at the time of necropsy) and tissue-resident T cell responses (liver and spleen). We stimulated lymphocytes from one high-dose animal, two low-dose animals, and both vehicle control animals with hUGT1A1 pool A, the immunodominant human epitope, and the non-human primate (NHP) sequence of the epitope. Then, we stained the lymphocytes for multiple markers, including lineage markers (CD3, CD4, and CD8), memory markers (CD28 and CD95), degranulation markers (CD107a and granzyme B), cytokine functionality (interleukin-2 \[IL-2\], tumor necrosis factor alpha \[TNF-α\], and IFN-γ), and liver homing and residency markers (CXCR6 and CD69, respectively), and analyzed the samples using polychromatic flow cytometry in an intracellular cytokine staining (ICS) assay. See [Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B for a representative gating strategy. The ICS analysis revealed that the T cell response to hUGT1A1 in tissues was dominated by CD107a degranulation factor and granzyme B ([Figure S4](#mmc1){ref-type="supplementary-material"}E) expressed by CD4^+^ ([Figure 4](#fig4){ref-type="fig"}A) and CD8^+^ memory T cells ([Figure 4](#fig4){ref-type="fig"}B). This response was absent in blood PBMCs ([Figure 4](#fig4){ref-type="fig"}).Figure 4Evaluation of UGT1A1-Specific CD4^+^ and CD8^+^ T Cell ResponsesRepresentative density plots of lymphocytes isolated from blood, spleen, and liver at necropsy from macaque RA0721. Lymphocytes were stimulated with UGT1A1 pool A or dimethyl sulfoxide (No stim). Surface expression of a degranulation factor (CD107a) and expression of granzyme B by memory CD4^+^ (A) and memory CD8^+^ (B) T cells were analyzed by an ICS assay. Memory T cells were defined as CD95^+^, CD28^+^ and CD95^+^, CD28^−^. Circles indicate the presence of CD107a^+^, granzyme B^+^ UGT1A1-specific T cells. Quantification of the T cell immune response of lymphocytes from vehicle- (open symbols) or vector-administered rhesus macaques (closed symbols; low dose, gray; high dose, black) after stimulation with hUGT1A1 immunodominant epitope (circles, HAGKILLIPV), NHP UGT1A1 self-epitope (squares, HAGKMLLIPV), or hUGT1A1 pool A (triangles). Peptide-specific T cell responses were measured in CD107a^+^, granzyme B^+^, CD4^+^ memory T cells (C), and CD107a^+^, granzyme B^+^, CD8^+^ memory T cells (D) derived from blood, spleen, and liver.

We observed these tissue-resident responses in all three AAV vector-injected animals ([Figures 4](#fig4){ref-type="fig"}C, 4D, [S4](#mmc1){ref-type="supplementary-material"}C, and S4D). The magnitude of the response was as high as 68% of CD107a^+^ and 13% of CD107a^+^ and granzyme B^+^ memory CD4^+^ T cells in the spleen ([Figures S4](#mmc1){ref-type="supplementary-material"}C and [4](#fig4){ref-type="fig"}C, respectively), and as high as 49% of CD107a^+^ and 25% of CD107a^+^ and granzyme B^+^ memory CD8^+^ T cells in the liver ([Figures S4](#mmc1){ref-type="supplementary-material"}D and [4](#fig4){ref-type="fig"}D, respectively). Furthermore, hUGT1A1-specific T cells from the liver and spleen, but not from blood, co-expressed the residency and homing markers CD69 and CXCR6 ([Figure S4](#mmc1){ref-type="supplementary-material"}F), thus confirming that these cells are indeed resident-memory T cells. Importantly, the dramatic response to the hUGT1A1 transgene did not trigger a cytotoxic T-lymphocyte response in the liver, as the only histopathological findings were minimal to mild infiltration. Cytokine responses to UGT1A1 were up to 100-fold lower than CD107a and granzyme B responses ([Figure S5](#mmc1){ref-type="supplementary-material"}). IL-2 was the dominant cytokine and was present in both CD4^+^ ([Figure S5](#mmc1){ref-type="supplementary-material"}A) and CD8^+^ ([Figure S5](#mmc1){ref-type="supplementary-material"}B) T cells from tissues, but not blood ([Figure S5](#mmc1){ref-type="supplementary-material"}). We detected IFN-γ and TNF-α at lower frequencies in both CD4^+^ and CD8^+^ T cells, in both tissues and blood ([Figure S5](#mmc1){ref-type="supplementary-material"}).

Interestingly, the CD107a^+^ and granzyme B^+^ T cell response was specific to the human epitope of UGT1A1 in one animal (RQ9201) and cross-reactive to the NHP epitope in two animals (RA1357 and RA0721) ([Figures 4](#fig4){ref-type="fig"}C and 4D, [5](#fig5){ref-type="fig"}, [S4](#mmc1){ref-type="supplementary-material"}C, and S4D). In animals RA1357 and RA0721, AAV gene therapy resulted in the generation of cross-reactive T cells. We did not detect any CD107a^+^ and granzyme B^+^ or cytokine T cell responses to hUGT1A1 in blood or tissues from vehicle-control-injected animals. We performed major histocompatibility complex (MHC) I and II genotype analysis ([Table 1](#tbl1){ref-type="table"}) to evaluate if there was a correlation with the potential to generate T cells reactive to rhesus macaque UGT1A1. The macaques in this study were extremely diverse; only two macaques shared a similar haplotype (RA1357 and RA1274). Animals RA1357 and RA1274 were administered the low dose and vehicle control, respectively. Although T cells from RA1357 recognized the self-antigen, so did RA0721 even though it had no comparable haplotypes.Figure 5T Cell Responses to Macaque UGT1A1Lymphocytes isolated from the spleens of animals RQ9201, RA1357, and RA0721 were stimulated with the human UGT1A1 immunodominant epitope (HAGKILLIPV), the NHP UGT1A1 epitope (HAGKMLLIPV), or dimethyl sulfoxide (No stim). Surface expression of a degranulation factor (CD107a) and expression of granzyme B by memory CD8^+^ T cells were analyzed by ICS assay. Memory T cells were defined as CD95^+^, CD28^+^ and CD95^+^, CD28^−^. Circles indicate the presence of CD107a^+^, granzyme B^+^ UGT1A1-specific T cells.Table 1Summary of NHPsNHP IDSexDose (GC/kg)Mamu Class IMamu Class IIRQ9201female2.5 × 10^13^A\*04:/; B\*03a:69DRB\*40:43; DQA\*01_08:05_02; DBQ\*06_07:/; DPA\*02 g2:04 g2; DPB\*07_03:02_01RA1260male2.5 × 10^13^A\*04:12; B\*56d:18DRB\*52d:52d; DQA\*01 g1:01 g3; DBQ\*06 g3:06 g1; DPA\*07_w\_01:08 g; DPB\*/:07_01RA1261male2.5 × 10^13^A\*01:19; B\*17c:90DRB\*13c:22; DQA\*01 g1:24 g2; DBQ\*06 g3:15_02; DPA\*02_w\_05:08 g; DPB\*01_w\_03:04 gRA0721female1.0 × 10^13^A\*18b:49; B69b:/DRB\*13d:43; DQA\*01_08:24 g2; DBQ\*06_07:15_02; DPA\*02_w\_05:/; DPB\*01_w\_03:07_03RA1357male1.0 × 10^13^A\*32:51; B\*69a:39aDRB\*nov9:50; DQA\*01 g2:05_02; DBQ\*06 g2:/; DPA\*02_w\_05:02 g1; DPB\*01_w\_03:15 g2RA1846male1.0 × 10^13^A\*48a:19; B\*56d:68DRB\*03f:41; DQA\*01_06:01_06; DBQ\*06_13:06_15; DPA\*06 g:07_w\_04; DPB\*01 g1\_:/RA0078female0A\*65b:73; B\*15a:69aDRB\*58:06b; DQA\*23_01:26 g3; DBQ\*18_02:18_15; DPA\*02 g1:04_02; DPB\*15 g2:02_03RA1274male0A\*701:12; B\*86a:39aDRB\*16f:50; DQA\*23_02:05_02; DBQ\*18 g2:/: DPA\*02 g1:02 g1; DPB\*01_08:15 g2

Discussion {#sec3}
==========

Liver gene therapy has the potential to treat and cure numerous metabolic disorders by expressing either a secreted or non-secreted transgene product. Here, we evaluated two doses of AAV8.TBG.hUGT1A1co, the clinical candidate vector for the treatment of Crigler-Najjar syndrome, for toxicity in rhesus macaques. We administered two doses (1.0 × 10^13^ GC/kg and 2.5 × 10^13^ GC/kg) that were lower than those used previously by our group and others for systemic delivery in large animals.[@bib2], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22] There was no clinical toxicity evident in this study, and gross pathology findings were limited to (1) a reaction to the liver biopsy procedure performed on day 28 and (2) minimal to mild infiltrates in the liver. We have shown complete and stable correction of hyperbilirubinemia in a mouse model of Crigler-Najjar syndrome at 2.5 × 10^12^ GC/kg, which is 10-fold lower than the upper dose studied in this NHP toxicity study, suggesting an attractive therapeutic window.[@bib8], [@bib23]

Recent reports showed severe toxicity in NHPs with vectors similar to AAV9 at doses that were substantially higher than those in this study.[@bib21], [@bib22] Following i.v. infusion of 2 × 10^14^ GC/kg of AAVhu68 expressing the human transgene for treatment of spinal muscular atrophy[@bib21] or 7.5 × 10^13^ GC/kg of AAV-PHP.B expressing green fluorescent protein,[@bib22] acute and severe hepatotoxicity led to the death of two animals on study days 4 and 5, respectively. The other animals dosed in these two studies were deemed clinically normal; although ALT and AST were elevated, they resolved with only minimal histopathological findings present following necropsy. The toxic events in these other high dose systemic AAV studies appeared to be triggered by an acute innate immune response. We did not observe this type of acute inflammatory response in this study, possibly reflecting the lower dose, a more favorable acute toxicity profile of AAV8 versus AAV9, or both. Nothing from our NHP toxicity studies suggests innate immune activation or systemic inflammation.

We specifically evaluated T cell immune responses to both the AAV8 capsid and the hUGT1A1 transgene. We found that i.v. administration of AAV8.TBG.hUGT1A1co vector induced a T cell response that was mainly directed against the hUGT1A1 transgene. The immune response to the transgene was expected, given that the AAV8.TBG.hUGT1A1co clinical candidate gene therapy vector expresses the human UGT1A1 protein sequence, and this study used rhesus macaques. Indeed, epitope mapping revealed that the T cell response to hUGT1A1 was directed to a region of the protein that contained one amino acid difference between the human and rhesus macaque sequences. One macaque from the high-dose group developed a T cell response that was specific to this region of the hUGT1A1 transgene. Two macaques from the low-dose group developed a T cell response to both human and macaque UGT1A1, thus breaking tolerance to the self-antigen. MHC analysis of all animals enrolled in this study revealed a diverse collection of MHC haplotypes, even in macaques that developed a cross-reactive response to UGT1A1. We could not associate a specific MHC haplotype to a cross-reactive response to macaque UGT1A1. Interestingly, liver toxicity, ALT and AST levels, and the lack of major liver infiltrations were similar among these three animals.

We also observed that the AAV8.TBG.hUGT1A1co vector elicited a strong response to the hUGT1A1 transgene found in tissue-resident T cells, but not in blood. Flow cytometry analysis of these tissue-resident T cells revealed that the response was dominated by CD4^+^ and CD8^+^ T cells that are capable of degranulating (CD107a^+^, granzyme B^+^) but with minimal or no cytokine release. Tissue-resident memory T cells have been shown to elicit strong antigen-specific degranulating responses in animal models.[@bib24] Degranulation of granzyme B has been associated with a mechanism that allows the killing of antigen-presenting cells by CD4^+^ regulatory T cells,[@bib25], [@bib26] therefore impairing an effective cytotoxic immune response by CD8^+^ T cells. It is important to note the magnitude of the CD107^+^ T cell responses in tissues (yielding up to 68% CD4^+^ T cell response in one animal). *In vivo* studies have shown that this regulatory T cell response is induced and localized in secondary lymphoid tissues.[@bib27] Although we did not test similar destruction of antigen-presenting cells, the data raise the possibility that CD4^+^ and CD8^+^ T cells possess tolerization potential under certain conditions. This interpretation is supported by the lack of observed toxicity in our animals, even in the presence of a large population of UGT1A1-specific CD8^+^ T cells in the liver.

The potential for CD8^+^ T cells to contribute to transgene tolerization and the liver-restricted biodistribution of transgene-specific T cells bears relevance for clinical translation of AAV gene therapies. Typical ELISPOT analyses in gene therapy clinical trials rely on detection of secreted IFN-γ in PBMCs. Significant fractions of the transgene-specific T cells observed here did not secrete activating cytokines, and were only observed in cells isolated from liver and not in cells isolated from peripheral blood. ICS analysis revealed that tissue-resident T cells expressed high levels of the homing and residency markers CXCR6 and CD69, which we would expect to prevent the escape of the cells from the liver into the circulating blood. AAV8 vectors mainly transduce the liver.[@bib18], [@bib28], [@bib29], [@bib30] Therefore, UGT1A1 gene expression mainly occurs in the liver. Kupffer cells can prime T cells in the liver;[@bib31] these T cells can then expand and exert their function within the liver. The expression of CD69 and CXCR6 would impede T cells from leaving the liver. As a consequence, UGT1A1-specific T cells would be undetectable in blood. This mechanism explains why T cell responses in peripheral blood were not correlated with T cell responses in tissues, suggesting that the continued monitoring of PBMCs during the in-life phase of studies and clinical trials is not a strong predictor of potential reactions in tissues.

In summary, the results of this study support the clinical translation of AAV8.TBG.hUGT1A1co for treatment of Crigler-Najjar syndrome. i.v. administration of a single dose of AAV8.TBG.hUGT1A1co vector in rhesus macaques effectively transduced and expressed the hUGT1A1 transgene in up to 37% of hepatocytes without leading to major liver toxicity. Importantly, there was no evidence of innate immune activation or systemic inflammation. Interestingly, administering the vector triggered a strong T cell response to UGT1A1, but this response was mainly restricted to tissue-resident T cells and not peripheral blood T cells. Furthermore, this response did not lead to liver toxicity. This study underscores the importance of studying immune responses at the site of AAV vector transduction and highlights the limitations of using blood as a surrogate to evaluate tissue-restricted T cell responses.

Materials and Methods {#sec4}
=====================

Vector Production {#sec4.1}
-----------------

AAV vectors expressing hUGT1A1co from the TBG promoter were produced by the Penn Vector Core at the University of Pennsylvania, as described previously.[@bib32]

Animal Experimentation and Vector Administration {#sec4.2}
------------------------------------------------

All animal procedures were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.

Wild-type rhesus macaques that were 2--6 years old (n = 8) were obtained from Covance (Princeton, NJ). NHP studies were conducted at the University of Pennsylvania within a facility that is United States Department of Agriculture-registered, Association for Assessment and Accreditation of Laboratory Animal Care-accredited, and Public Health Service-assured. As previously described,[@bib33] animals were housed in stainless steel cages with perches. All cage sizes and housing conditions were in compliance with the Guide for the Care and Use of Laboratory Animals. A 12-hr light-dark cycle was maintained and controlled via an Edstrom Watchdog system (Waterford, WI). Animals were fed Certified Primate Diet 5048 (PMI Feeds, Brentwood, MO) two times per day (morning and evening). An additional variety of food treats that were fit for human consumption, including fruits, vegetables, nuts, and cereals, were given daily as part of the standard enrichment process. Manipulanda such as kongs, mirrors, a puzzle feeder, and raisin balls were provided daily. Animals also received visual enrichment along with human interaction on a daily basis. All interventions were performed during the light cycle, and animals were fasted overnight prior to being anesthetized.

On study day 0, macaques were administered with 10 mL of vector or vehicle control into a peripheral vein at a rate of 1 mL/min via an infusion pump (Harvard Apparatus, Holliston, MA). This study complied with good laboratory practices for non-clinical laboratory studies with the following exceptions: the liver biopsy procedure, AAV8 NAb assay, IFN-γ ELISPOT, ISH analysis, vector GC and transgene RNA analysis, and immunological characterization of the immune response to UGT1A1. In addition, the evaluation of fibrin degradation products were not run under good laboratory practices conditions at Antech GLP (Morrisville, NC).

Analyses during the In-Life Phase {#sec4.3}
---------------------------------

Rhesus macaques were anesthetized, and blood was collected on days --16, --7, 0, 8, 14, 21, 28, 31, 35, 42, 49, and 56 via the femoral vein for analysis of complete blood counts, clinical chemistries, and coagulation panels by Antech GLP (Morrisville, NC). NAb titers were determined on serum samples taken prior to initiation of the study, as described previously.[@bib15] PBMCs were isolated and cryopreserved. T cell responses to AAV8 and hUGT1A1 were analyzed by IFN-γ ELISPOT, as previously described,[@bib34] using peptide libraries specific for the AAV8 capsid and hUGT1A1 transgene; positive response criteria were \>55 spot-forming units per 10^6^ cells and three times the medium negative control value upon no stimulation. Positive responses in the IFN-γ ELISPOT assay were further analyzed, as previously described,[@bib35] to determine the specific amino acid sequence (i.e., epitope) responsible for the T cell activation.

Liver Biopsy {#sec4.4}
------------

On day 28 post-vector-administration, a laparotomy procedure was performed to isolate liver tissue. Collected samples were divided into those for histopathology (i.e., fixed in 10% neutral buffered formalin) and biodistribution (i.e., frozen on dry ice and stored at --60°C or colder).

Necropsy and Analysis of Tissues for Pathology and Immunotoxicity {#sec4.5}
-----------------------------------------------------------------

At day 56 post-vector-administration, rhesus macaques were euthanized and necropsied; tissues were harvested for full pathology. All tissues collected for histopathology were fixed using 10% neutral-buffered formalin, paraffin embedded, sectioned, and stained with H&E stain ([Table S1](#mmc1){ref-type="supplementary-material"}). Slides were examined microscopically by a board-certified veterinary pathologist in a blinded manner.

In addition, lymphocytes were isolated from liver, spleen, and bone marrow, as described previously.[@bib28] T cell responses to AAV8 and hUGT1A1 were analyzed by IFN-γ ELISPOT, in which the positive response criteria were the same as described above.

Molecular Analyses of Tissues {#sec4.6}
-----------------------------

Tissues collected for biodistribution at liver biopsy and necropsy time points were frozen on dry ice. DNA and RNA was extracted from liver, and TaqMan qPCR reactions were performed, as previously described.[@bib33], [@bib36]

ISH {#sec4.7}
---

Liver samples were fixed in 10% neutral buffered formalin and used for determination of hUGT1A1co messenger RNA expression by ISH, as described previously.[@bib21] Z-shaped probe pairs specific for hUGT1A1co were synthesized by the kit manufacturer. Sections were counterstained with DAPI to show nuclei. To quantify RNA expression, five random pictures were taken from each liver section. Using ImageJ software (Rasband W.S., NIH, Bethesda, MD; <https://imagej.nih.gov/ij/>), a threshold was determined to select a UGT1A1-ISH-positive area, and the percentage of positive area per image area was established. Likewise, "empty" liver area (i.e., veins) was quantified in a second measurement. The final percentage of ISH-positive liver tissue (i.e., the percentage of positive hepatocytes) was then calculated per adjusted area (i.e., total area minus empty area), and the values were averaged for each liver sample.

MHC Typing {#sec4.8}
----------

MHC typing of the rhesus macaques in this study was performed by Dr. David O'Connor at the University of Wisconsin-Madison using Fluidigm/MiSeq MHC genotyping assays (South San Francisco, CA), as previously described.[@bib37]

ICS {#sec4.9}
---

The following antibodies were used: CD69 phycoerythrin (PE) (clone FN50), CD95 PE Cy5 (clone DX2), CD3 allophycocyanin (APC) Cy7 (clone SP34-2), and granzyme B AF700 (clone GB11) from BD Biosciences (San Diego, CA); IL-2 BV421 (clone MQ1-17H12), CD8a BV570 (clone RPA-T8), CCR7 BV711 (clone G043H7), CD14 BV650 (clone M5E2), CD20 BV650 (clone 2H7), CD16 BV650 (clone 3G8), IFN-γ (clone 4S.B3), TNF-α BV605 (clone Mab11), CD107a PE Cy7 (clone H4A3), and goat anti-mouse immunoglobulin G (IgG) AF488 (polyclonal, Poly4053) from Biolegend (San Diego, CA); CD28 R PE-Texas Red-X (ECD) (clone CD28.2) from Beckman Coulter (Indianapolis, IN); and CD4 PE Cy5.5 (clone S3.5) from Invitrogen (Carlsbad, CA). A Live/Dead Fixable Aqua Dead Cell Stain Kit (Invitrogen, Carlsbad, CA) was used for viability exclusion. Anti-CXCR6 antibody (clone 20D8) was kindly provided by Dr. Ronald G. Collman at the University of Pennsylvania.

Cells were thawed and resuspended at 2 million cells/mL in RPMI medium with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin; they were rested overnight in a 37°C, 5% CO~2~ incubator. *In vitro* stimulations were performed the following morning. In brief, cells were transferred to a 96-well V-bottom plate at 1--2 million cells/well and divided into three conditions: stimulated with peptide pools at a final concentration of 2 μg/mL, unstimulated control (only dimethyl sulfoxide, no peptides), or phorbol 12-myristate 13-acetate (100 ng/μL) and ionomycin (1 μg/mL). Cells were incubated for 1 hr at 37°C in the presence of CD49d stimulatory monoclonal antibody (mAb) (clone 9F10, Biolegend, San Diego, CA) and CD107a, followed by an additional 8-hr incubation with monensin (0.7 μg/mL final concentration; BD Biosciences, San Diego, CA) and brefeldin A (1 μg/mL final concentration; Sigma-Aldrich, St. Louis, MO), as previously described.[@bib38] Cells were washed in PBS and stained with anti-CXCR6 for 25 min at 37°C, 5% CO~2~, washed again in PBS, and then secondary stained with goat anti-mouse IgG AF488 for an additional 25 min at 37°C, 5% CO~2~. Anti-CCR7 was then added and incubated for 15 min at 37°C, 5% CO~2~. All of the following staining procedures were performed at room temperature in the dark. Cells were washed once with PBS and stained for viability with Aqua amine-reactive dye (Invitrogen, Carlsbad, CA) for 10 min. The extracellular antibody cocktail prepared in PBS with 0.1% sodium azide and 1% BSA was added and incubated for 15 min. Cells were then washed and permeabilized with the BD Cytofix/Cytoperm Kit (BD Biosciences, San Diego CA; catalog 554722) according to manufacturer's instructions. Intracellular antibody cocktail was incubated for 1 hr. Following intracellular staining, cells were washed and fixed with PBS with 1% paraformaldehyde and stored in the dark until acquisition. All flow cytometry data were collected on an LSR D cytometer (BD Biosciences, San Diego, CA). Data were analyzed using FlowJo software (Tree Star, Ashland, OR).

Statistical Analyses {#sec4.10}
--------------------

All values are expressed as mean ± SEM unless otherwise stated. Differences in ALT and AST levels compared to baseline levels were analyzed statistically by the Wilcoxon rank-sum test. Overall differences in ALT and AST values across all time points were analyzed using a linear mixed-effect model. A p value of \<0.05 was considered significant. Due to the low number in the control group, further statistical analyses could not be performed.
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